The requirement for both an electron donor and ATP for the enzymatic reduction of N2 to ammonia was demonstrated with extracts of Clostridium pasteurianum,1-4 Azotobacter vinelandii,5 7 and Rhodospirillum rubrum.' 8 With hydrosulfite as the electron donor and an ATP-generating system (creatine phosphokinase), N2-reducing preparations from A. vinelandii and R. rubrum were shown to catalyze a concomitant ATP-dependent H2-evolution reaction.6-9 This reaction was subsequently demonstrated with extracts of C. pasteurianum10' 11 by inhibiting the classical hydrogenase with carbon monoxide.
glass filter attached to a small column and rinsed with buffer, giving a dark, red-brown protein solution designated PS.
Column chromatography: Fractionation on polyacrylamide gel and DEAE cellulose was conducted at room temperature under strictly anaerobic conditions using apparatus and sample collection techniques similar to those described by others.15 16 Eluting solvents were sparged with H2 for 20 min, dithiothreitol was added (0.1 mg/ml), and the sparging continued for 1 hr. Columns were rendered anaerobic by washing with 400 ml of H2-saturated solvent.
Fraction PS was freed of cytochrome-containing, high-molecular-weight impurities by fractionation on a 3 X 15-cm column of Bio-Gel P-200 beads, 50-150 mesh (Bio-Rad Labs.). Up to 30 ml of fraction PS was added (with a hypodermic syringe) to the top of the column previously equilibrated anaerobically with distilled water. The column was then eluted with water at a flow rate of 25 ml per hr. The active components migrated as an easily visible, dark-brown band with an Rf of ca. 0.35 and were collected as a single fraction (30 ml) designated P-200. The pink fraction of excluded and higher-molecular-weight material (ca. 50 ml) had no activity alone, nor did it affect the activity of fraction P-200.
Chromatography on DEAE cellulose was performed on 2.5 X 8.5-cm columns of Cellex D (Bio-Rad Labs.) with an exchange capacity of 0.95 mEq per gm. Columns were prepared without the application of external pressure and the designated height was that existing after washing the column with 1 N KOH (100 ml), water (50 ml), and 0.025 M Tris-HCl, pH 7.2 (300 ml). Reservoirs containing 600 ml of 0.025 M Tris-HC1, pH 7.2, and 200 ml each of 0.15, 0.25, and 0.35 M NaCl in the same buffer were connected to the column and sparged with H2. Dithiothreitol was added as described above. Up to 600 mg of P-200 protein was injected onto the top of the column previously equilibrated anaerobically with 400 ml from the buffer reservoir. The column was eluted successively with 20 ml of the buffer, 50 ml of 0.15 M NaCl, 70 ml of 0.25 M NaCl, and 50 ml of 0.35 M NaCl with a flow rate of 35 ml per hr. Columns were reused after regeneration with 100 ml of 0.5 M KOH, 50 ml of water, and 300 ml of 0.025 M Tris-HCl, pH 7.2.
Assays: N2 reduction reactions were conducted as previously described,6 except that all components but Na2S204 and the enzyme fractions being assayed were added to the main chamber of the reaction vessels prior to the 5-min preincubation. Na2S204 was then injected into the main chamber and enzyme fractions were injected into the side arm. Flasks were tipped following a 3-min thermal equilibration period. Ammonia was separated by microdiffusion and determined calorimetrically with Nessler's reagent.6 H2 evolution was measured manometrically. All components except Na2S204 and enzyme fractions being assayed were added to the main chamber and the flasks flushed with high-purity N2 or argon for 10 min with shaking. Na2S204 was then added through the side arm into the main chamber, and enzyme fractions were added to the side arm while maintaining the gas flow. The flasks were flushed for an additional 2 min, the gassing arms were closed, and the flasks incubated an additional 5 min before tipping. The first reading was taken 3 min after tipping, and the first measured increment corrected to zero time.
Inorganic phosphate was determined by the method developed by Furchgott and de Gubareff"7 for the determination of Pi in the presence of creatine phosphate. Aliquots (0.5 ml) from assay reactions were quick-frozen in a dry ice-acetone mixture and kept frozen until assayed individually. Each aliquot was thawed, 0.5 ml of cold 0.6 M TCA was added, and the protein sedimented by centrifugation. A 0.5-ml portion of the supernatant solution was diluted to 3 ml with cold water, suitable aliquots were diluted to 2 ml with cold 0.05 M TCA, and the Pi was determined colorimetrically. ' with the Biuret reaction, presumably by reduction of the copper complex. The addition of 0.1 ml of freshly diluted 3% H202 followed by a 5-min incubation prior to the addition of Biuret reagent satisfactorily prevented the interference.
Results.-Initiai purification: The nitrogenase enzymes were conveniently obtained from cell extracts (S144-./,) in a single fraction by protamine fractionation and P-200 Gel column chromatography. These procedures permitted the recovery of about one half of the activity in less than 10 per cent of the protein of the Sl44-1/2 fraction (Table 1 ). S144-1/, fractions prepared from frozen cells, stored up to 60 days, were as active as similar preparations from freshly harvested cells. The amount of protamine sulfate required for optimal separation varied with the source and purity of the available reagent. The reproducibility of the protamine fractionation was significantly improved by adjusting the pH to 6.5 prior to the second addition which precipitated the active components. Unlike crude extracts and particulate preparations,5-7 the PS fraction exhibited oxygen sensitivity necessitating the maintenance of anaerobic conditions. The P-200 fraction provided a source of purified material containing both required enzymes (but no known interfering material) and was used in obtaining some of the quantitative data on the utilization of ATP.
Separation of two enzyme fractions: Adsorption on DEAE cellulose and elution with NaCl gradients separated the P-200 fraction into two enzyme fractions, I and II (Fig. 1) . The material eluted in the 0.15 M solvent contained cytochromes, presumably C4 plus c5. Enzyme I migrated as a dark brown band and enzyme II as a light brown band; both could be followed visually and were collected as single fractions (23-25 ml each) when desired. Enzyme I contained both nonheme iron and molybdenum: the Fe: Mo ratios in the peak fractions analyzed were within the range of 11-12:1. Enzyme I tended to tail slightly and a small amount always contaminated enzyme II. Enzyme II contained nonheme iron but no molybdenum (except for that attributed to a contamination with I). Essentially the same separation was achieved with 1.8 X 20-cm columns using linear NaCl gradients, but under these conditions enzyme II eluted in a greater volume with accompanying dilution and decreased stability.
The purity of both enzymes I and II was estimated to be ca. 70 per cent from ultracentrifuge analysis. The visible absorption spectra of enzyme I (Fig. 2) showed only a broad maximum in the 420-miA region, most of which disappeared with the nitrogenase complex, i.e., N2 reduction, ATP-dependent H2 evolution, and the release of inorganic phosphate from ATP, all require both enzymes I and II. The data in Table 2 show this requirement for N2 reduction. Enzyme I is completely inactive alone, and the small amount of activity of enzyme II alone is attributed to its contamination with enzyme I. The data in experiment 1 were obtained with material eluted in the peak fraction of each enzyme (Fig. 1) . The data in experiment 2 were obtained with enzymes collected as single fractions selected by visual observation of eluting bands, and reflect an apparent greater contamination of enzyme II with enzyme I. In the assay reactions, enzyme I was added in excess and specific activities were calculated on the basis of the amount of enzyme II present. Specific activity values always reflected loss of activity during handling or storage but usually ranged between 120 and 150. When dilute fractions requiring larger volumes were assayed, observed activities were affected by the amount of NaCl added with the enzymes. Control experiment showed that NaCl in the assay reaction was inhibitory at levels above ca one atmosphere of N2.6 The observed H2 evolution was corrected for the simultaneous uptake of N2, the volume of which was calculated from the ammonia formed. The ATP used for H2 evolution was calculated using the Pi:H2 value of 5. The ATP used per N2 reduced, obtained by subtracting from the total that used for H2 evolution, gave values centering around 15, again indicating a requirement of 5 ATP per electron pair. Under the conditions used, the ratio of H2 evolved to N2 reduced averaged 1.6 for a number of experiments. Also, in a number of N2-reduction experiments, the Pi released per mole of N2 reduced (plus the H2 evolved) ranged between 22 and 23.5. An obvious question relating to the amount of ATP used is whether ATP hydrolysis is truly reductant-dependent, or whether part of the hydrolysis results from a reductant-activated ATPase activity not directly associated with either N2 reduction or H2 evolution. The data in Table 5 show that limiting amounts of hydrosulfite do not induce Pi formation other than that associated with H2 evolution. The results of a kinetic experiment in which Pi: H2 ratios were measured at 10-min intervals demonstrated that Pi formation exactly paralleled H2 evolution during the entire 30-min reaction period. There is thus no evidence for the action of an independent, reductant-activated ATPase in these preparations.
Discussion.-It appears certain that at least two enzymes are involved in the reactions associated with the nitrogenase complex of A. vinelandii, i.e., N2 reduction, ATP-dependent H2 evolution, and the coincident release of Pi. Although we have no evidence for a third component, the possibility that enzymes I or II may contain another required protein cannot yet be ruled out. The association of both N2 reduction and ATP-dependent H2-evolution activities with the same two enzyme preparations, together with evidence cited previously, lends significance to the hypothesis6' 7 that both activities are catalyzed by enzymes of the nitrogenase complex.
The presence of both iron and molybdenum in all fractions having enzyme I activity strongly suggests that enzyme I is a nonheme iron, molybdoprotein with a high iron-to-molybdenum ratio. Based on the molybdenum content and estimated purity, the minimal molecular weight of enzyme I would be in the 100,000-120,000 range. The elution patterns from DEAE cellulose columns and the visible spectra suggest that enzyme II is a nonheme iron protein. This protein migrates slower in the ultracentrifuge than enzyme I and, based on an assumed iron content of two atoms per mole, wvould be in the 30,000-40,000 molecular weight region. The visible spectra of both enzymes I and II show absorption in the 420-ma region typical of nonheme iron proteins. Interpretation of these spectra is at present limited by the uncertainty of the exact oxidation state of the isolated material. The absorbance of both enzymes is lowered by reduction with S204. The inability of enzyme II to be reoxidized to its original state by molecular oxygen may reflect the oxygen sensitivity of this protein. The broad absorption in the 330-m/A region, the peak at 416 mq, and the absorption in the 460-muA region point up the similarity between enzyme II and some other nonheme iron proteins: chloroplast ferredoxin,23 an iron protein from A. vinelandii giving an EPR signal at g = 1.94 (probably a fragment of the DPNH or succinic dehydrogenase system) ;24. 25 a paramagnetic protein from C. pasteurianum;26 and an iron protein from adrenal mitochondria which is a component of the steroid 11 i3-hydroxylase complex.27
The utilization of ATP is dependent upon the transfer of electrons from the donor to either N2 or H+ and requires both enzymes I and II. The electron donor requirements support the concept that the H2-dependent disappearance of acetyl phosphate observed by Mortenson' 13 and Dilworth et al.,4 using C. pasteurianum extracts, resulted from the uptake of H2 via hydrogenase and its simultaneous release via the ATP-dependent H2 evolution activity of the nitrogenase enzymes. Since both enzymes I and II and S204-are required for ATP hydrolysis, neither enzyme can be considered an "ATPase" in the generally accepted use of the term. In addition, these preparations are essentially free of classical ATPase activity and neither becomes an ATPase by reductant activation.
With the conditions used, a requirement of 5 ATP per electron pair was observed for both N2 reduction and H2 evolution. If the sole function of ATP were to facilitate electron transfer, a ratio of 1 or 2 might be expected. The high observed ratio could result from a dual role of ATP (its function in a conformational change was suggested previously7) or alternatively, from some alteration of the proteins during isolation that permits ATP hydrolysis to occur without completion of its normal function. The significance of this ratio to an understanding of the mechanism of ATP action warrants a more extensive examination under a variety of conditions.
There is at present only meager evidence relating to the function of either the individual enzymes involved or ATP. Such information is prerequisite to an understanding of the mechanism of N2 reduction and may contribute to the general understanding of ATP-associated transfer reactions.
Summary.-N2 reduction, ATP-dependent H2 evolution, and the coincident release of Pi require two enzyme fractions from A. vinelandii, the purification and some properties of which are reported. Enzyme I contains nonheme iron and molybdenum; enzyme II contains nonheme iron.
